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Abstract
　The purpose of this study was to investigate the influence of the friction force between back 
support and the back of the body on the shear force applied to the buttocks. The subjects were 
19 healthy adult males without leg and/or trunk diseases. Horizontal force as a substitute for 
shear force was measured. A comfortable sitting posture in the experimental chair was selected 
for measurement. The experimental conditions were carried out under two conditions. In the low 
friction condition, the coefficient of friction was 0.1 between the seat cover and inside, and the 
seat cover developed by the researchers was used to reduce this friction. In the control condition, 
the coefficient of friction was 0.5 between the surface of the back support and the clothing. In 
returning the back support to an upright position, 16.2 ± 2.3 % Body Weight in the low friction 
as the horizontal force value was significantly lower than 18.5 ± 2.7 % Body Weight in the control 
condition. The results of this study substantiated the hypothesis that there is a relationship 
between increased horizontal force while reclining the back support of a wheelchair and the 
friction force between the back support and the back of the body.
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1. Introduction
　Treating decubitus ulcers is very costly for healthcare organizations. The Center for Medicare Services1) 
reported that in the fiscal year 2007, the average cost per ulcer for Medicare patients with decubitus ulcers 
was $43,180. In 2006, Reddy et al. estimated that US $11 billion was spent on the treatment of decubitus 
ulcers in the USA2), and decubitus ulcers are estimated to cost the National Health Service in the UK, 
between £1.4 and £2.1 billion a year3). In addition, Brem et al.4) illustrated the high costs associated with 
stage IV decubitus ulcers. Thus, the outbreak of decubitus ulcers is a social problem due to the high cost 
of treatment. Moreover, because decubitus ulcers do not heal easily, preventing them is of the utmost 
importance. Therefore, decubitus ulcers are a serious health problem.
　External loads, which include pressure, friction, and shear force, contribute to the occurrence of decubitus 
ulcers, and Husain5) reported that the tolerance of tissue to external loads depends on the duration of the 
exerted load. Although seemingly innocuous, Hanson et al. described that friction and shear force can 
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increase patients’ risk of clinical injury6). Therefore, reducing shear force is important to prevent decubitus 
ulcers.
　Wheelchairs with reclining back support are often used by individuals with leg and trunk disorders, such 
as those with post-apoplectic hemiplegia or spinal cord injuries. However, there are concerns regarding 
the use of reclining wheelchairs. First, individuals with flaccid hemiplegia often slide forward in these 
wheelchairs when returning to a seated position from a reclined position. Many wheelchair users who need 
reclining back support cannot correct this slouching posture unassisted; this leads to a sacral sitting posture 
and results in increased shear force on the sacrum, predisposing the individual to developing a sacral 
decubitus ulcer7). By using a chair with a combined reclining and tilting function, Chen et al.8) reported that 
the pressure applied to the ischial interface was significantly decreased and the pressure applied to the 
coccygeal interface was not changed. Jan et al.9,10) investigated the influence of this combination from the 
view-point of skin perfusion. Skin perfusion over the ischial tuberosities was significantly increased and the 
skin perfusion over the sacrum was not changed by the use of this combination. Furthermore, currently 
in Japanese medical institutions and nursing homes, the number of wheelchairs with reclining and tilting 
functions is extremely small compared with the number of individuals with leg and trunk disorders and 
elderly people. Therefore, it is important to consider how to reduce the shear force applied to the buttocks, 
including the sacrum, when the back support of reclined wheelchairs with only a reclining function in order 
to reduces the risk of developing decubitus ulcers on the sacrum. 
　In our previous study, we reported that shear force applied to the buttocks while the wheelchair back 
support was reclined fluctuated between the rotational axis position of the back support and the hip joint, 
similar to that of the trunk-pelvis11). Moreover, we reported that while closing the back support rotational 
axis located on the hip joint, the shear force that was sustained when returning to the upright position 
from the fully reclined position was about 40% lower than when the back support position was at the point 
farthest back in the seat12). As above, the shear force applied to the buttocks could be decreased to a certain 
degree by closing the back support rotational axis located on the hip joint. Nevertheless, this method cannot 
decrease the shear force when using a reclining wheelchair, because changing the rotational axis position 
of the reclining wheelchair, which is already used in many medical institutions and nursing homes, is not 
easy due to the wheelchair’s structure. Thus, the solution to the problem of the increase of the shear force 
increasing must be to use a device that can be mounted on an already used reclining wheelchair.  
　We reported that in the sitting posture in which the buttocks slides forward on the reclining wheelchair 
with the rotational axis of the back support located at the point farthest back in the seat, shear force 
applied to the buttocks is remarkably increased when returning the back support from the fully reclined 
position to the upright position13). The pressure on the back support’s surface is greater because the 
inclination angle of the trunk is larger in the sitting posture in which the buttocks slides forward. Increasing 
this pressure led to an increase in the static friction force between the back support surface and the back 
of the body14). Therefore, this previous study hypothesized that there is a relationship between increased 
horizontal force when the back support is reclined and the friction force between the back support and 
the back of the body. However, studies have not investigated the relationship between the shear force and 
the friction force between the back support surface and the back of the body. We developed a seat cover 
mounted on the back support of a wheelchair to decrease the shear force applied to the buttocks while 
reclining. The purpose of this study was to investigate the influence of the friction force between the back 
support and the back of the body on the shear force applied to the buttocks, and the effect of the seat cover 
on decreasing the shear force applied to the buttocks.
2. Methods
2.1 Participants
　The participants included 19 healthy, adult men without leg and/or trunk disease (mean age, 21.4 ± 3.0 
years; height, 170.2 ± 3.6 cm; and body weight, 61.0 ± 7.1 kg). Participants were excluded from the study 
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if they experienced pain while sitting on a chair, or back pain, had undergone surgery, or had rheumatism 
or neurologic disorders. The study was conducted with the approval of the Research Ethics Committee at 
Kawasaki University of Medical Welfare (17-064), and informed consent was obtained from all participants.
2.2 Equipment and materials
　We used an experimental chair with electric controls for reclining the back support (Hashimoto Artificial 
Limb Manufacturer, Okayama, Japan). The dimensions of the experimental chair were: back support height, 
97 cm; depth of seat, 40 cm; backward angle of seat, 0°; reclining angle of back support, 10°-40° from the 
vertical line; and angular velocity at which the back support reclined, 3°/s. The chair’s back support was 
covered with artificial leather. For measurements, the subjects were made to sit comfortably with bilateral 
symmetry and to rest on the back support and the force plate. Hirose15) reported that the inclination of 
the sternum and abdominal line correlated with that of the thoracic and lumbar spine in both the frontal 
and sagittal planes. Thus, the examiner visually and manually inspected the sternum and abdominal line of 
the participants’ posture to check that the inclination of the thoracic and lumbar spine in the frontal plane 
did not lean laterally. In addition, to achieve constant friction between the participants’ clothing and the 
surfaces of the seat, all subjects wore clothing made of 100% cotton. As the smooth metal surface of the 
force plate made the participant slide forward in the chair, a rubber net was laid over the plate to minimize 
sliding and the risk of postural collapse. The coefficients of friction were 0.9 between the clothing and the 
rubber net, 0.8 between the rubber net and the surface of the force plate, and 0.5 between the surface of 
the back support and the clothing. These coefficients of friction were calculated based on the maximum 
static friction force, measured using a pull tension gauge and weight. On the position of lower extremities, 
the horizontal and normal forces applied to the buttocks were changed by elevating the foot support16). 
Thus, to reduce the effects of differences in the positions of the lower extremities, the horizontal thigh angle 
was adjusted by elevating the feet with wooden boards stacked under the chair17), and the foot position 
was adjusted so that the lower legs were perpendicular to the feet18). Furthermore, to reduce resistance of 
the lower extremities, a roller board was placed under the subjects’ feet. Participants were instructed to 
fold their arms in front of their chest in a relaxed state and not to intentionally change their body position 
during the experiment. Kemmoku et al.19) reported that the vertical and horizontal forces applied to the 
sacrococcygeal and ischial tuberosity area were increased in the seated posture by increasing the angle of 
pelvic tilt. Thus, each participant’s buttocks was positioned so that the back support and the dorsal surface 
were in contact in order to avoid differences of the pelvic tilt angle between the experimental conditions 
(Figure 1). 
　To reduce friction between the surface of the back support and of the back of the body, we developed 
and used a seat cover to reduce friction between the chair and the participant. The seat cover had a double 
tube structure. In addition, because the coefficient of friction was 0.1 between the seat cover and the inside, 
the body easily slid on the back support. The seat cover was placed and fixed on the back support using 
a fixing belt. To keep the body and the seat cover from moving downward when the participant sat on 
the chair used in the experiment, the top of the seat cover that contacted the back of the body was fixed 
at the top of the back support. The body could therefore slide upward on the back support and not slide 
downward. Furthermore, to keep the body from sliding downward on the seat cover’s surface, a strong 
friction seat in which the coefficient of friction was 0.8 between the surface of this seat and the clothing 
was attached on the surface of the seat. In this study, two experimental conditions were tested. In the low 
friction condition, the coefficient of friction was 0.1 between the seat cover and the inside, and we used the 
seat cover to reduce friction (Figure 2). In the control condition, the coefficient of friction was 0.5 between 
the surface of the back support and the clothing; therefore, we did not use the seat cover. 
2.3 Measurement of the forces applied to the buttocks and the trunk sliding distance along the back support
　The shear force is difficult to measure. Thus, in this study, we measured the horizontal and normal forces 
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Figure 1　Measurement posture
a.  Level goniometer, b. Experimental chair (height of back support: 97 cm, depth of seat: 40 cm, backward angle of 
seat: 0°, reclining angle of back support: 10°- 40°, and angular velocity at which back support reclines: 3°/s), 
c. Roller board, d. Force plate, 
e. Lump to synchronize between a reaction force and a movie file, 
f . Personal computer for a force plate
Figure 2　The seat cover
A. Before mount on the back support, B. After mount on the back support
a. The coefficient of friction was 0.1 between the seat cover and the inside which had a double tube structure.
b. A fixing belt
c.  A strong friction seat in which the coefficient of friction was 0.8 between the surface of this seat and the clothing 
which was attached on the surface of the seat.
d. The top of the seat cover that contacted the back of the body was fixed at the top of the back support.
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as substitutes for the shear force. The horizontal and normal forces applied to the buttocks were measured 
using a force plate (Kyowa Electronic Instruments, Tokyo, Japan). The force plate measured the reaction 
force in the posterior direction, which is equivalent to the horizontal force in the anterior direction, with a 
sampling frequency of 100 Hz. The trunk and back support were filmed from the left side using a digital 
video camera (Panasonic Corp., Osaka, Japan) for the duration of the back support movement. The video-
analysis software Dartfish TeamPro Data 6.0 (Dartfish, Fribourg, Switzerland) was used to measure the 
trunk sliding distance along the back support (BS), which are standard measures also used by Aissaoui et 
al.20) and are defined as follows (Figure 3):
　BS = Va- Vi where Va and Vi correspond to the distance between the acromion and the reference point 
projected on the back support plane, respectively, after back support during the reclined (a) and initial 
upright position (i).
2.4 Experimental protocol
　To correct for the influence of each subject’s postural collapse while making measurements, we performed 
the measurements 10 s after the posture was set. Regarding the angle of back support inclination, Park 
and Jang21) reported that decubitus ulcers may be prevented or decreased in tetraplegia patients when the 
back support angles of their wheelchair are more than 120° that is similar to 30° from the vertical position. 
Thus, the experimental back support in our study was reclined at increasing angles, beginning at the fully 
upright position of 10° from the vertical (initial upright position [IUP]), proceeding to a fully reclined position 
(FRP) of 40° from the vertical, and returning to the upright position (RUP). The time required to measure 
the shear force in each phase was 5 s in the IUP, 10 s in the FRP, and 5 s in the RUP. For each condition, 
we used the average value for the horizontal and normal forces applied to the buttocks after measuring 201 
stable samples for each subject. The two conditions were measured in random order with three trials for 
each condition. If the participants could not continue sitting due to intolerance or the danger of sliding out 
of the wheelchair, the experiment was stopped for safety reasons. Between each trial, the participants were 
asked to stand up and relax for a one-minute break.
2.5 Statistical analyses
　The measured horizontal and normal forces applied to the buttocks were normalized with body weight 
Figure 3　The definition of sliding distance along the back support
V. The distance between the acromion and the reference point 
A positive value indicates that the trunk slides downward.
BS = V FRP or RUP - V IUP
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(percent body weight [%BW]), based on the raw data from the force plate in order to correct the effects 
of body weight. We used Shapiro-Wilk’s normality test to preliminarily analyze the horizontal and normal 
forces applied to the buttocks. To investigate the influence of the coefficient of friction between the back 
support and the back of the body, we compared the forces applied to the buttocks and the trunk sliding 
distance along the back support between the two experimental conditions. For statistical analysis, a paired 
t-test was performed with the level of significance set at p<0.05. The statistical analyses were performed 
using the IBM SPSS Statistics ver. 24.0J for Windows (IBM, USA).
3. Results
　 Table 1 shows the measured forces applied to the buttocks and the trunk sliding distance along the back 
support.
　Regarding the horizontal force applied to the buttocks, a significant difference in the horizontal force 
applied to the buttocks appeared in the RUP when comparing between the two experimental conditions 
(p<0.01). In FRP, the horizontal force in the low friction condition tended to be reduced compared with that 
in the control condition (p=0.07). Regarding the normal force applied to the buttocks, a significant difference 
in the normal forces applied to the buttocks appeared in the FRP when comparing the two experimental 
conditions (p<0.01). In the RUP, the normal force in the low friction condition tended to be reduced 
compared with that in the control condition (p=0.12). Regarding the trunk sliding distance along the back 
Table 1-1　Horizontal force applied to buttocks on various back angles
n = 19
Low friction Control
IUP
FRP$$
RUP**
11.8 ± 1.7
8.8 ± 1.8
16.2 ± 2.3
11.7 ± 1.7
9.8 ± 2.5
18.5 ± 2.7
mean ± SD (%BW)
**: p <0.01, $$: p <0.10 (paired t-test)
Table 1-2　Normal force applied to buttocks on various back angles
n = 19
Low friction Control
IUP
FRP**
RUP$
72.1 ± 2.1
83.3 ± 4.6
76.0 ± 2.0
71.8 ± 1.7
56.5 ± 3.6
78.2 ± 6.3
mean ± SD (%BW)
**: p <0.01, $: p <0.15 (paired t-test)
Table 1-3　Sliding distance along the back support on various back angles
n = 19
Low friction Control
FRP$$
RUP**
8.6 ± 1.1
0.3 ± 1.3
8.4 ± 1.0
1.9 ± 1.6
mean ± SD (cm)
**: p <0.01,  $$: p <0.10 (paired t-test)
A positive value indicates that the trunk slides downward.
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support a significant difference in the trunk sliding distance along the back support appeared in the RUP 
when comparing the two experimental conditions (p<0.01).
4. Discussion
　A novel seat cover was developed by this research group that was mounted on the back of a wheelchair 
and investigated the influence of the friction force between the chair’s back support and the back of the 
body on the shear force applied to the buttocks and the effect of the seat cover on decreasing the shear 
force applied to the buttocks, for the possible prevention of decubitus ulcers. Regarding the forces applied 
to the buttocks in the FRP, the results of this study showed that the horizontal force in the low friction 
condition tended to be reduced when compared with that in the control condition, and the normal force 
in the low friction condition was significantly lower than that in the control condition. Our result supports 
that of Gilsdorf et al.22), who reported that horizontal force applied to the buttocks decreased when the back 
support reclined when the rotational axis of the back support was located at the point farthest back in the 
seat. In locating the point farthest back in a seat such as the chair used in our experiment, the trunk of the 
body slid downward relative to the back support, leading to reclined back support20). The downward slide 
of the trunk might have occurred due to the difference of the rotational locus between the back support 
and the trunk and pelvis12). This difference of the rotational locus is due to the divergence of the rotational 
axis position of the back support and the trunk and pelvis. Then, the friction force between the back of the 
trunk and the back support surface arose against the trunk sliding downward, and the trunk was stopped 
by the friction force at its initial position. The force on the downward slide of the trunk was decreased, as 
the friction force was strong. This seat cover could prevent the trunk from sliding downward. Furthermore, 
the coefficient of friction between the seat cover’s surface and the participant’s clothing was higher in 
the experimental condition than that between the back support’s surface and the clothing in the control 
condition. Because of these reasons, the downward sliding force of the trunk when the back support was 
reclined might have been lower in the low friction condition than that in the control condition. This force 
could be divided into perpendicular and parallel directions to the seat surface, and this parallel force became 
the horizontal force applied to the buttocks23). Therefore, the horizontal force applied to the buttocks in 
the low friction condition tended to be reduced when compared with that in the control condition in the 
FRP. Nevertheless, the trunk sliding distance along the back support did not show a significant difference 
between the two experimental conditions in the FRP. Against the force that occurred, the downward slide 
of the trunk led to reclined back support, and the friction force in both conditions was also insufficient to 
stop the trunk sliding. Thus, the trunk might have slid downward while the sliding was reduced by the 
friction force.
　Regarding the forces applied to the buttocks in the RUP, the results of this study showed that the 
horizontal force in the low friction condition was significantly lower than that in the control condition, 
and the normal force in the low friction condition tended to be reduced when compared with that in the 
control condition. As mentioned previously, the trunk slid downward relative to the back support, leading 
to reclined back support. Thereafter the trunk slid upward and returned to the starting position when the 
angle of the back support returned to the starting position. However, the horizontal force applied to the 
buttocks was remarkably increased because the trunk had been pushed forward by the back support, and 
it resisted the trunk due to the high friction coefficient between the back support surface and the back of 
the body11). Then, if the friction force between the buttocks and the seat surface was low, this increase of 
the horizontal force led the buttocks to slide forward; this could be a factor of collapsed sitting posture24). 
On the other hand, if the friction force was high value, the trunk sustained a pressing force instead of 
sliding the buttocks not forward when the trunk was pushed forward by the back support. These forces 
are very uncomfortable. Gilsdorf et al.22) reported that the wheelchair user should momentarily lean forward 
after reclining to reduce undesired force. However, the person who cannot move independently is not able 
to release the undesired force after reclining back support. Thus, it is necessary to reduce the friction 
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coefficient between the back support’s surface and the back of the body. Due to this seat cover, the trunk 
slid upward smoothly when the participant moved from the FRP to the RUP because of the low friction 
coefficient. Therefore, by using this seat cover in this study, the low friction coefficient between the back 
support surface and the back of the body restrained the horizontal force applied to the buttocks remarkably 
when moving from the FRP to the RUP.
　A limitation of this study was that it included only healthy, adult males. In addition, because the 
measurement times were short, we could not evaluate the effect of delayed postural collapse. This study 
also did not consider the force peak values and fluctuations of these forces during two phases of transition 
when reclining the back support. Moreover, we could not consider microclimate factors (i.e., urinary 
incontinence and sweat) that interact with the frictional force; these problems affect many wheelchair users. 
Therefore, direct extrapolation of the results of this study to all wheelchair users is difficult. Further studies 
should be performed to evaluate the use of our device in patients with decubitus ulcers, as well as evaluate 
microclimate factors.
　The results of this study substantiated the hypothesis that there is a relationship between increased 
horizontal force while reclining the back support of a wheelchair and the friction force between the back 
support and the back of the body. In addition, this seat cover could decrease the horizontal force applied to 
the buttocks while reclining the chair’s back support. In the future, these results could be adapted for all 
wheelchair users.
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